US009325240B2

a2z United States Patent (10) Patent No.: US 9,325,240 B2
Calhoun et al. (45) Date of Patent: Apr. 26, 2016

(54) LOW INPUT VOLTAGE BOOST CONVERTER  (58) Field of Classification Search
WITH PEAK INDUCTOR CURRENT CPC ......... GOSF 1/462; GOSF 1/565; GOSF 1/618;
CONTROL AND OFFSET COMPENSATED HO02M 3/158
ZERO DETECTION USPC oo 323/268, 271, 282, 285

See application file for complete search history.
(71)  Applicant: UNIVERSITY OF VIRGINIA

PATENT FOUNDATION, .
Charlottesville, VA (US) (56) References Cited

(72) Inventors: Benton H. Calhoun, Charlottesville, VA US. PATENT DOCUMENTS

(US); Aatmesh Shrivastava, 4,672,303 A 6/1987 Newton
Charlottesville, VA (US) 5,757,635 A *  5/1998 SEONg ..cccocovrvriieriernnnns 363/89
(Continued)

(73) Assignee: UNIVERSITY OF VIRGINIA
PATENT FOUNDATION, OTHER PUBLICATIONS
Charlottesville, VA (US)
PCT international Search Report and Written Opinion in correspond-
(*) Notice: Subject to any disclaimer, the term of this ing PCT/US2015/012024 dated Apr. 28, 2015.
patent is extended or adjusted under 35

U.S.C. 154(b) by O days. . .
Primary Examiner — Matthew Nguyen

(21) Appl. No.: 14/600,425 (74) Attorney, Agent, or [Firm — Westerman, Hattori,
Daniels & Adrian, LLP
(22) Filed: Jan. 20, 2015

(65) Prior Publication Data 7 ABSTRACT
US 2015/0207411 Al Tul. 23,2015 The low input voltage boost converter with peak inductor
current control and offset compensated zero detection pro-
Related U.S. Application Data vide a boost converter scheme to harvest energy from sources

with small output voltages. Some embodiments described

(60)  Provisional application No. 61/928,621, filed on Jan. herein includes a thermoelectric boost converter that com-

17, 2014. bines an I, control scheme with offset compensation and
(51) Int.Cl duty cycled comparators to enable energy harvesting from
G0:§F }/56 (2006.01) TEG input.s as low as 5SmV to 10 mV, and Fhe peak inductor
HO02M 37158 (200 6. o1) current is independent to ﬁrst grder of the input voltage and
GOSF 1/565 (2006.01) output voltage. A control circuit can be configured to sample
GOSF 1/46 (200 6. o1) the iI.lput. voltage (V) ar.ld then generate a pulse with a
HO2M 1/00 (2007' o1) duration inversely proportional to V, so as to control the
' boost converter switches such that a substantially constant
(52) ICJPSC CL TH02M 3/158 ] peak inductor current is generated.
............... (2013.01); GOSF 1/462
(2013.01); GOSF 1/565 (2013.01);, HO2M
2001/0025 (2013.01) 17 Claims, 19 Drawing Sheets

[Tec s0s] — 500

505V,
i R8Tint
Crap_out > ; o :
514
T | s f e 4
Tlock pozaLs
Gen | Control |
MPPClk 507 L-__Si)znﬂs
i ) m Control
MPP Tracking Hettaer e ens st s amesanes
Cirouit 501 Boost Controt

Circuit 502



US 9,325,240 B2
Page 2

(56)

References Cited

U.S. PATENT DOCUMENTS

5,959,852 A
6,222,746 Bl *
6,597,157 Bl
8,026,704 B2 *
8,823,346 B2 *

9/1999
4/2001
7/2003
9/2011
9/2014

Deloy et al.

Kim oo
Boeckmann

Kapelsetal. ................
Walters ......ccoevvvvnnene

363/89

323/282
323/275

2005/0242788 Al
2005/0253565 Al
2010/0208498 Al
2011/0109283 Al*
2013/0106194 Al
2013/0141067 Al*
2013/0265023 Al*
2014/0347028 Al*

* cited by examiner

11/2005
11/2005
8/2010
5/2011
5/2013
6/2013
10/2013
11/2014

Reithmaier

Cohen

Rubio et al.

Kapels et al. ................ 323/235
Jergovic et al.

Huang etal. ................. 323/282
Schwartz ... 323/282
Jayaraj et al. ................. 323/282



US 9,325,240 B2

Sheet 1 of 19

Apr. 26,2016

U.S. Patent

'z aunbidy

{opz) (ueisuod

(€02) (yonms s1 Y39 jey) yons uo aq 0} YoUMs
WO 8T ] §7 40} By S}8S VA sSBUNSESY)  femmr—
JHNDALD [OIUCD YOUMS A
(102)
L 8anbid
LOL
201 Z0t (ddiN)
SOYOHMS UNDAD Bunpoey
TON ] 1018AU0D g JOUIOD wiod
(vOL) 1800Y YOUMS Jomod Xepy

a8

00l

Ma(sol)



US 9,325,240 B2

Sheet 2 0f 19

Apr. 26,2016

U.S. Patent

(yopms Sy
0}) $1(508) =

v aunbig
(zow) YA 01 jeuonuodosd
AjosIoALl S1 18U} UOHMS
&7 9yl uc uing o} esind B ajeiausn
{Lov)
JSLIBALOD 3500 3yl 03 VA sunseapy
¢ 2inbig
{,Na o1 ruoodosd
ueenp osind v e
DULIGIar]) wauoduwion
puoag (£0€)
\ 4
Hu (M
Z A 01 jeuopiodoid Nt A
HOREISUDY) g WBLIND © a1Bisun0) < (105
esind (v02) usuadwo 184 (Z0€)
" 00t



US 9,325,240 B2

Sheet 3 0f 19

Apr. 26,2016

U.S. Patent

€06 S3YIMG

JBUBALOT 1S00Q "..

*

g "Big

0% UN2AD

I04U07) 1500¢

P PRRBERNB I NS IENB I KNI N NBEN NSO RN IRASERR SRRSO NNy,

u.. ....................... m.mw.v.w. ....u mO hwﬁﬁ@ .
S SHazog | KK+
Poegog
I S | 04
: R £ 2209
: G L 1A A
P el
W A%

PIAXNSANNERXBSEENBE KN

*
“asasssassuanNER

A0, %

<KK

JuLLSH

L0S N

Bunyoes) ddiN

£0% AioddN

uag

H<KK

32010

LLS

-

(ISR TR LYY L hd

13
A AN AN NS RN E R XN IR XN ERX RGN RO RN SRRSO RN RO RNRORRNS

saxnsannsExmoaxnonfrsunnonnnennnsuxnsnxnsams?

‘.

705 D31




US 9,325,240 B2

Sheet 4 of 19

Apr. 26,2016

U.S. Patent

AUT
15004

LOS HN2UD

Bupord] dd o

09 1SY

o

e A n W A e A MR e A AR W AR e W AR e W e W W A e e e W A e e e

09 NN .
Buydweg

ddifl

/ peOT

P03

\..Ii
;mm,m,ulr.l

B aaf o v . . v - . .

e LR




US 9,325,240 B2

Sheet 5 0f 19

Apr. 26,2016

U.S. Patent

sieubis Suiwn g j05u09 15008 ¢ "Big
U]

Y yesd yuam uoneuRa Lousdiyy 6 Big

(WU} JLBUND JCIONPUY HEad

08 05 Oy o€ 0c 0t

LS %50} . 80

"oy sdisy
e Bupgas
™ i N | oz

AWGE VR

- .:czm.mﬁ&ou o mmwmwmgm - os

(%} Aoumioyiy

Bupioea) ddi 40 3Nsas uonenulg £ By

] N3
208 HW._ 24
Y08 — SH
g08 —> S
{03 —> | ‘e

S Uj BUILL
540 LG 50°0 0
0
50
i
Y
&0
N ANeseseseesete et ey
- LoLPaN oo
{

abeyiopn

aBeyop

aBeRoA



US 9,325,240 B2

Sheet 6 of 19

Apr. 26,2016

U.S. Patent

V34 10 Na woyy Aguepuadapul Y39 sjas ynoan Buiwy (S71) spis mo ayf g1 Bid

Nig)
VAL 5 MWL Nmﬁa LML g , NI . N%
(AL ALNIAY O A+NA

VML A LN A N A :w

memgw

@ 3PON @ apoN | eseud

5oL ° ' H

i

-
9001
¥ZoL Lo OeO
6201 3,,20> 4 A
JULEEY - 4
mJUmw
oot £001
S | EL 184
I ¢ 1
XA __“ _
&QO\w

gy

aumgm

yooL VA
ZZ0L 1zoL 2204
e im mz_

mEs

3

wﬁ&waz

2001 _
@ "% con

=16

P




US 9,325,240 B2

Sheet 7 of 19

Apr. 26,2016

U.S. Patent

JUBLINT J0IoNpU] paienuig L} Big

AG TR AT A

i £ &l P o

{yw) ?¥3Y pajeinung



US 9,325,240 B2

Sheet 8 of 19

Apr. 26,2016

U.S. Patent

ynono Buiwg (SH) epis ubid 1z Bid

— L0Z1
] SH”
_ _ 60Z7 duwioNg
gmw%ﬁ/ £, A Xp —£0Z1
_ _ S
_ _li w@ /
2021
€71
PN
Lozt W WIS
\vg
SH ”__ 154
2oLt /W blmxﬁmg
. Mi..r X\ R ITETYE] 23 soz1
£0z1



US 9,325,240 B2

Sheet 9 of 19

Apr. 26,2016

U.S. Patent

sojeieduiod (Jamod Mo J0) pa1As Anp pur (AWL> J9S10 J0)) palesusdwos-19siD ¢ Bid

@ .wmwwmﬁmu H
3 T G

)
® L 18081
£osL
_Wraﬁuzw _..o 334 @ d ) _N\>> I —.o A3
) Al %
X A T A LLSE
ZL !
oot P —_M_T. 2 T. ¢dwiaNg iy 00
UOUWIUGTY
ZOCL
. (0)
% T.II.—.I.IA _O- ”
LSt dwong B
&QO\W un> &Qmﬁ &40}
5184 /
LOSL




US 9,325,240 B2

Sheet 10 of 19

Apr. 26,2016

U.S. Patent

~I91IBALIOD 15004 2yl jo ydeibBojoyd si1g L Big

3 09 spsesed node
W 021 So¥ SOWN
%Womﬁwm Mm%&: anmpuog
oW 02 {90 1939npuj
BIURSISA
{18fuel) pw 0ng S SSA
03N poubiseq
oL 7 ‘snjea Joionpuj
wrl pgz x Wil gog pate {eyo}
SOWO NG wigeL | ABojouyasy
SAfER Isjeleled




US 9,325,240 B2

Sheet 11 of 19

Apr. 26,2016

U.S. Patent

‘uopeIgiesal pue uopeiedo 100 Bulmoys Buiioesl 44 10} Indino paansesy s Big

asind od4 aul Buunp Bupisen JddiN LOSE




US 9,325,240 B2

Sheet 12 of 19

Apr. 26,2016

U.S. Patent

Nia pue 999p yum NC apig mo paanseapy gt "Big

ym Ny Buisesiou)

(s yoymg epig ma o N0y



US 9,325,240 B2

Sheet 13 of 19

Apr. 26,2016

U.S. Patent

Nip moty 403 N9 sayBiy se Asusioyje
paseassul Bummoys N9 apig mo yaim Asusioiye pounsesiy 41 Big

L0241 (st} youms apig motp go MOy

)

Gt

g

=0k

{94} Asuaioiyyy palnsesiy



US 9,325,240 B2

Sheet 14 of 19

Apr. 26,2016

U.S. Patent

X4 O dn opel 10) UCHOSIBP iz RO BUIMOYUS SWaL0S UOIIORIBP-0IB7 paInsSeEdl 61 "Bid
AL =0 ASLE 0=V ASL0=8 AR 02N

uonBpIws ouen-aiuol Buisn ssoncad Wi JusLnD so1onpul yeod 10 voneues g1 Big
(¥} JuBuND J0IONPU] ¥BBY

L0 80°0 900 ¥O°Q NO.%

o
"
,,,,,,,,,,, -

AN



US 9,325,240 B2

Sheet 15 of 19

Apr. 26,2016

U.S. Patent

¥y o1 dn opes jo) uoRosep ooz jewndo BUIMOYS swayss uonaalep-olay painsealy oz ‘Biy

X2p 01 dn oped

10} UonoRIep oisz pundo
Bumoys ospy <¥°p pue N Jo
UONBUIGWIOD SNOLEA UORD3Jap
0Ia7 [elujdo Buimols swsyss
UGRIRIEP-0I8Z PRINSESN




US 9,325,240 B2

Sheet 16 of 19

Apr. 26,2016

U.S. Patent

Awg="p puR AUIgL=

AW00Sg o3
BusBieys 99

sulaseg

{ind3na} ¢¥ou

sugeseg Na

(zozy)

AW gL = N
(L0Z1) AW 009
= {3ndino} 934

Na s ISUBALOD 3800 aY) jo uopriedo painsesyy (17 Big

N 204 AW 998,

im

AIRIAUW 00Z

_z_> s0§ >§>E 0z




US 9,325,240 B2

Sheet 17 of 19

Apr. 26,2016

U.S. Patent

‘Al 03 Buibieyd ALINES WO Jie)S-

R e e

#opi Buimoys siususinseay

3
IS

ze B

Z0ZZ AT'0=""A AL 03 dn Bunsooq “op




US 9,325,240 B2

Sheet 18 of 19

Apr. 26,2016

U.S. Patent

adeijon Buneisdo syl aseassul
o3 uonun{ u-d jo sequunu adie] Suidsuuod
ioleisuad supaeowssyy ajdwexy g7 "84




US 9,325,240 B2

Sheet 19 of 19

Apr. 26,2016

U.S. Patent

jaMND

<
.
53

R o
< )
P =
S} i
WNLXeA
0§ JEisBAIRY
ASisus ©3] e JO SHIsUslIeeLD
gy 1utod samod winunxen 97 "8id4
oueIsisaL INdU $,931 SaUTIBWL 1215BAIRY 3] 4O aouepadw 101BISUIE DLIDAROWIBYY
uaym ARIBud winuixew sisesaiey Jeisaasey Aliauy 6z 8y B JO §no pejeainby yz Siyg
gosz m
ddi @ uig=v0'z e o
Losz | 906E L2082 : wwwm
m 53k A
avo'ly " UiA + A +
L+
r052 o AAN, oA/
L P0ST Uy Uiy



US 9,325,240 B2

1
LOW INPUT VOLTAGE BOOST CONVERTER
WITH PEAK INDUCTOR CURRENT
CONTROL AND OFFSET COMPENSATED
ZERO DETECTION

PRIORITY CLAIM

This application is a non-provisional of and hereby claims
priority under 35 U.S.C. §119 to U.S. provisional application
Ser. No. 61/928,621, filed Jan. 17, 2014, entitled “Low Input
Voltage Boost Converter With Peak Inductor Current Control
And Offset Compensated Zero Detection,” which is herein
expressly incorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
Award No. 1035771 awarded by the National Science Foun-
dation and by the NSF NERC ASSIST Center (EEC-
1160483). The government has certain rights in the invention.

FIELDS

Some embodiments generally relate to low power circuit
designs, and more particularly, relate to a low input voltage
boost converter with peak inductor current control and offset
compensated zero detection.

BACKGROUND

Low power devices that operate from a battery or from
power harvested from an environment generate a low current
or voltage to prolong the device operation. A boost converter
can generate an output voltage that is higher than its input
voltage given a low input voltage or current, and in this way
the low power devices can harvest energy from a low input.
When the input voltage is very low, however, offsets in the
circuit of the boost converter can make the small input voltage
hard to be detected and used accurately, and mismatch inside
the boost converter can lead to significant variance such that
a logic level of an output of a gate component is altered, and
thus cause an inaccurate output voltage from the boost con-
verter.

Various ambient sources can be used for harvesting energy,
including light, vibration, thermal, and radio frequency.
Energy harvesting can be implemented from outdoor sun-
light. Usually, these energy harvesters are relatively large in
size. They can be used to harvest large amount of power (in
kWs) at high voltages. These energy harvesters can achieve
high efficiency with very good maximum power point track-
ing. In contrast, micro-power energy harvesters using solar
cell include wireless sensor networks (WSN) or Bluetooth
sensor networks (BSN) energy harvesters. These can be used
for low power systems. Usually, they are small in size and
harvest very low amounts of energy (in uWs) due to the
smaller size of solar cells and low ambient light associated
with the indoor lighting condition. Another energy harvester
that is commonly used for BSN application is a piezoelectric
harvester, which harvests mechanical energy from vibration.
These energy harvesters can harvest 10-100°s of pW of avail-
able power. Electrical energy is generated when mechanical
stress is applied on a piezoelectric material. Recently, piezo-
electric harvesters suitable for BSNs have been demon-
strated. These harvesters can harvest output power of few W
to 100’s of W at efficiencies above 80%. Harvesting energy
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2

from available RF power is another means of obtaining
energy for BSNs, which can supply enough energy to power
BSNG.

SUMMARY

Systems, methods, and apparatus for a boost converter that
harvests energy from a DC input voltage and boosts it to a
higher stored output voltage are described. Maximum power
point tracking can be used to control the converter to be
optimized for its input source, such as a thermoelectric gen-
erator (TEG) or photovoltaic cell. A control scheme can be
used for the low side switch in the boost converter that varies
the turn on time of the switch based on the value of the input
voltage, V., such that the peak inductor current is substan-
tially constant to first order independently of V,and V o,
To allow for both very low input voltages and low power, and
thus high efficiency, operation comparators can be used for
zero detection in the high side switch control that are both
offset compensated and duty cycled.

Some embodiments described herein include a boost con-
verter apparatus. The boost converter apparatus comprises an
inductor configured to pass through an inductor current; a
boost converter switch operatively coupled to the inductor,
the boost converter switch configured to receive an input
voltage and generate an output voltage when the boost con-
verter switch is activated; and a switch control circuit opera-
tively coupled to the boost converter switch. The switch con-
trol circuit is configured to receive the input voltage and send
a control signal to activated the boost converter switch so as to
maintain the inductor current substantially constant. The
inductor current is independent of the input voltage and the
output voltage.

Some embodiments described herein include a method to
operate a boost converter for energy harvesting from a low
voltage input. The method comprises receiving an input volt-
age, and generating two non-overlapping clock phase signals
including a first clock phase signal and a second clock phase
signal. The method further comprises operating a boost con-
verter to generate an output voltage according to the first
clock phase signal while maintaining an inductor current for
an inductor substantially constant. The inductor current is
independent of the input voltage and the output voltage. The
method further comprises performing offset cancellation to
remove offset at a comparator of the boost converter accord-
ing to the second clock phase signal.

Some embodiments described herein include a power-sav-
ing boost conversion apparatus. The apparatus comprises an
inductor configured to pass through an inductor current; a
boost converter switch operatively coupled to the inductor,
the boost converter switch configured to activate a boost
conversion switching cycle; and a zero detection comparator
operatively coupled to the inductor and the boost converter
switch. The zero detection comparator is configured to be
activated for zero detection of the inductor current when the
boost conversion switching cycle is activated, and is also
configured to be deactivated after completion of the zero
detection. The zero detection comparator further includes an
offset cancellation component that is configured to remove
offset in the zero detection comparator such that the zero
detection comparator accurately detects a current change
when the inductor current decreases to zero.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1isablock diagram showing the basic structure ofthe
boost converter, according to an embodiment.

FIG. 2 is a block diagram showing a control circuit that
varies the time that the low side switch is on to maintain a
substantially constant peak inductor current, according to an
embodiment.
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FIG. 3 shows a block diagram for one embodiment of a
control circuit that varies the time that the low side switch is
on to maintain a substantially constant peak inductor current,
according to an embodiment.

FIG. 4 shows a flow chart for a method of controlling peak
inductor current to be substantially constant based on the
value on the input voltage V, according to an embodiment.

FIG. 5 is a block diagram showing a detailed circuit imple-
mentation of the boost converter structure (as shown in FIG.
1) with timing to set substantially constant inductor current,
according to an embodiment.

FIG. 6 is a block diagram showing the maximum power
point (MPP) tracking circuit for a thermoelectric generator
(TEG), according to an embodiment.

FIG. 7 is a chart showing simulation results of MPP track-
ing, according to an embodiment.

FIG. 8 is a chart showing example boost control timing
signals, according to an embodiment.

FIG. 9 is a data plot diagram showing example peak induc-
tor current under different input voltages, according to an
embodiment.

FIG. 10 is a block diagram showing an example low side
(LS) timing circuit that sets the inductor current indepen-
dently from the input voltage, according to an embodiment.

FIG. 11 is a data plot diagram illustrating example simu-
lation results of the inductor current under a LS timing control
signal (as in FIG. 10), according to an embodiment.

FIG. 12 provides a block diagram showing an example
high side (HS) timing circuit and a chart showing timing
control signals, according to an embodiment.

FIG. 13 provides a block diagram showing an offset-com-
pensated and duty cycled (for low power) comparator (e.g., in
FIG. 12), according to an embodiment.

FIG. 14 provides a die photograph of the boost converter
and example specification parameters of the boost converter,
according to an embodiment.

FIG. 15 provides a data plot showing example measured
output for MPP tracking showing correct operation and reca-
libration, according to an embodiment.

FIG. 16 provides a data plot showing example measured
low side activation timing with different input voltages,
according to an embodiment.

FIG. 17 provides a data plot showing example measured
efficiency with low side activation timing, according to an
embodiment.

FIG. 18 is a data plot showing example variation of peak
inductor current with process from a Monte-Carlo simula-
tion, according to an embodiment.

FIG. 19-20 provide data plot diagrams showing example
measured zero-detection scheme showing optimal zero
detection for ratio up to 47 times, according to an embodi-
ment.

FIG. 21 is a data plot diagram showing example measured
operation of the boost converter with selected input voltages,
according to an embodiment.

FIG. 22 is a data plot diagram showing example measure-
ments showing kick-start of the boost converter, according to
an embodiment.

FIGS. 23-26 provide example embodiments of a TEG,
according to an embodiment.

DETAILED DESCRIPTION

The low input voltage boost converter with peak inductor
current control and offset compensated zero detection pro-
vide a boost converter scheme to harvest energy from sources
with small output voltages. For example, the thermal gradient
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between skin and air, especially under clothing, may only be
afew ° C., and the challenge of matching thermal impedances
in the harvester packaging may leave thermoelectric genera-
tors (TEGs) with <1° C., which results in open circuit TEG
outputs less than 30 mV. Some boost converters address this
problem by lowering the allowable input voltage (V,,), down
to 20 mV, and by seeking lower start-up voltages, e.g. with the
aid of a mechanical switch, RF kickstart, or a transformer.
Some embodiments described herein provide a boost con-
verter circuit that focuses on the challenge of harvesting from
lowerV,, since this permits operation from a TEG below a 1°
C. gradient, reducing the likelihood of system power loss that
would require a restart. In another aspect, harvesting from
low V,,, faces several key challenges; low input power
demands ultra low power circuits for good efficiency, offsets
make the small V,,; hard to detect and use accurately, mis-
match can cause significant variance in the peak inductor
current (I,z,z), and accurate zero detection typically
involves high current comparators. Some embodiments
described herein present a boost converter capable of harvest-
ing from V,, down to below 10 mV at efficiencies that are
5-10% higher than prior work. A voltage-insensitive constant
1pz4x control circuit, maximum power point (MPP) tracking,
and the combination of offset compensation with duty cycled
comparators enable these results and give efficiencies from
22% at a 10 mV input up to 84% at higher V..

Some embodiments described herein include a thermo-
electric boost converter that combines an I, control
scheme with offset compensation and duty cycled compara-
tors to enable energy harvesting from TEG inputs as low as 5
mV to 10 mV, 50% to 75% lower than prior work. Maintain-
ing substantially constant I, ,,- allows the converter to sus-
tain high efficiency across a broad V,, range, achieving 52%
and 84% efficiency at 20 mV and 400 mV, respectively, which
improves on prior designs. These features allow the converter
to extend the operating window for thermal harvesting with
low thermal gradients, which can be used, for example, for
body worn sensors.

Some embodiments described herein include a control cir-
cuit that is configured to generate and control a peak inductor
current for low or ultra-low voltage boost conversion. The
peak inductor current is first-order independent of the input
voltage and output voltage. For example, the control circuit
can be configured to sample the input voltage (V,,,) and then
generate a pulse with a duration inversely proportional to V..
This pulse is configured to control the low side switch (e.g., a
low side switch from boost converter switches), such that a
substantially constant peak inductor current is generated. For
another example, the control circuit can be configured to
sample V,, and use a square law dependency to produce a
pulse with a duration inversely proportional to V.

In another embodiment, the boost converter can operate in
atleast two phases. At least one phase is used for boosting and
atleast one phase is used for offset cancellation. For example,
the boost conversion technique can be used in a boost con-
verter of comparators that use both offset compensation for
accurate zero detection and duty cycling for power savings.
For example, a common gate amplifier can use an offset
cancellation technique for low power zero detection.

In one embodiment, the boost converter can control peak
inductor current for low or ultra-low voltage boost conver-
sion. The peak current of the inductor is first-order indepen-
dent of the input voltage (V) and the output voltage from the
boost converter, and can be generated by sampling the V
based on square law dependency, as further discussed in
FIGS. 3-4.
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FIG.1is ablock diagram showing the basic structure of the
boost converter, according to an embodiment. As shown in
FIG. 1, a boost converter can have an inductor 100, boost
converter switches 103, a switch control circuit 102 and an
optional max power point (MPP) tracking circuit 101. Input
voltage 105, V,,, is received by the MPP tracking circuit 101
and the inductor 100. The MPP tracking circuit 101 is con-
nected to the switch control circuit 102. The boost converter
switches 103 are connected to the inductor 100 and the switch
control circuit 102, and output an output voltage 104, V 5,

In one implementation, the MPP tracking unit 101 receives
the input voltage V,,, 105, e.g., from a TEG, and thus tracks
the maximum power point of the TEG to operate the boost
converter at the maximum power point of the TEG, as further
discussed in FIG. 6. The switch control circuit 102 generates
control signals to activate the boost converter switches 103
for boost conversion of the input voltage 105 and generate the
output voltage 104. The operation of the switch control circuit
102 is further discussed in FIG. 2.

FIG. 2 is a block diagram showing a control circuit (e.g.,
102 in FIG. 1) that varies the time that the low side switch is
on to maintain a substantially constant peak inductor current,
according to an embodiment. As shown in FIG. 2, in one
embodiment of the switch control circuit 200, the switch
control circuit 200 can receive input voltage 201, V,, mea-
sure V, set an on-time (or activation-time) for a low side
(LS) switch (M) 203 within the boost converter switches
(e.g.,103 in FIG. 1) and output a signal to the LS switch (M, )
203 within the boost converter switches (shown in FIG. 1)
such that the peak current I, , - for the inductor (e.g., induc-
tor 100 in FIG. 1) is substantially constant, e.g., 200. In other
words, the switch control circuit 200 can vary the time that the
LS switch (M, 5) is on based on the value of V,, to maintain a
substantially constant peak inductor current (I,z,z) of the
inductor.

FIG. 3 shows a block diagram of modules of a control
circuit 200 in F1G. 2 that generates control signals to maintain
the inductor current substantially constant, according to
another embodiment. As shown in FIG. 3, a switch control
circuit 300 has two portions. The first portion 302 is config-
ured to generate a current proportional to the square of the
input voltage 301 (V,,). The second portion 303 is config-
ured to generate a pulse width (or duration) proportional to
the inverse of the input voltage (V,,,!). The two components
302 and 303 can be connected in series or in parallel, and
provide outputs to a pulse generation unit 304 to generate a
control signal. The switch control circuit 300 receives input
voltage 301, V,, and outputs a signal to LS switch (M, )
within the boost converter switches (shown in FIG. 1). The
control signal from the pulse generation unit 304 and output
to the LS switch (M, ) 305 has an amplitude proportion to the
square of the input voltage (V,°) and a pulse width (or
duration) proportional to the inverse of the input voltage
(Vi b). The switch control circuit 300 can vary the time that
the LS switch (M, ) is on based on the value of V, to
maintain a substantially constant peak current (I, ,z) of the
inductor.

FIG. 4 shows a flow chart for a method (e.g., implemented
by the switch control circuit 300 in FIG. 3) of controlling peak
inductor current to be substantially constant based on the
value on the input voltage V, according to an embodiment.
As shown in FIG. 4, a method can control the peak current
(Ipg4x) of an inductor (e.g., 100 in FIG. 1) to be substantially
constant. First, the input voltage (V) to the boost converter
switches is measured by a switch control circuit, e.g., at 401.
Second, a pulse to turn on or activate the LS switch (M, ) is
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generated by the switch control circuit, e.g., at 402. This pulse
has an amplitude inversely proportional to the input voltage
V™).

FIG. 5 is a block diagram showing a detailed circuit imple-
mentation of the boost converter structure 500 (as shown in
FIG. 1) with timing to set substantially constant inductor
current, according to an embodiment. As shown in FIG. 5, the
boost converter 500 includes a MPP tracking circuit 501, a
boost control circuit 502 to generate three phases of control
timing, and boost converter switches 503 including the High
Side (HS) 5035 and Low Side (LS) 503a. TEGs 504 provide
max power when V,,; 505 remains above half of the open
circuit TEG 504 output voltage, so the MPP circuit 501 stores
this value as V, ;»» 506 at the low pulse of MPPclk 507, which
also disables the boost converter 500. When MPPclk 507 is
high, the boost converter 500 operates until V,,, (505)<V, .-~
(506), which turns off M,  503a and M, 5035, allowing V
505 to recover. The design implements a pulse frequency
modulation (PFM) converter in discontinuous conduction
mode with the pulse width set to maintain a substantially
constant I, , ., as described below.

InFIG. 5, the boost converter 500 harvests energy from the
TEG 504. The boost converter 500 is a switching mode power
converter. For example, first, the signal LS 510a goes high
and transistor M; ;504a is turned on. This connects the induc-
tor 509 between TEG 504 and ground 511. As a result the
current in the inductor 509 starts rising and starts storing
energy. It obtains its energy from TEG 504. After a well-
defined time, LS 5104 is brought down to ground and M ¢
503a is turned on or activated. The stored current in the
inductor 509 discharges on the capacitor and raises the volt-
age of V., 513. Additional descriptions of the proposed
converter 500 including the MPP tracking unit 501, boost
control circuit 502 and the LS/HS switches 503a-b are dis-
cussed in FIGS. 6, 10 and 12-13.

In one implementation, the energy that is taken from TEG
504 can be stored on capacitor, V., » 513 without loss. How-
ever, this may not be realized in practical system and some
energy losses are involved. The efficiency of the converter,
defined as the ratio of power delivered to the load to the power
obtained from source is the measure of the performance.
Some of the losses that are involved are explained as follow-
ing. The switches M, ¢ 503a and M, 5035 have finite resis-
tance and they carry current during the switching cycle. As
current flows through a resistor, conduction loss takes place in
the form of Joule’s heating in the switches. Also, the switches
M, 5, M (503a-b) and other circuits in the boost converter
switch 503 in a periodic (or repeated) fashion to harvest
energy. This switching also involves energy loss and is termed
simply as switching loss. In addition, various bias current
circuits may be included to implement the control of the
converter. This results in power loss that is always present and
is called static loss. To maximize or improve the efficiency of
the boost converter, all these losses are to be minimized or
reduced. Finally, maximum power can be harvested from
TEG 504 when the efficiency of the boost converter 500 is
maximum and the boost converter’s operating point substan-
tially corresponds to the maximum power point of TEG 504.
Further discussion of the maximum power point of TEG 504
is provided in connection with FIGS. 24-26.

The MPP tracking circuit 501 of the boost converter 500
can operate the converter at the maximum power point. Com-
ponents of the MPP tracking circuit 501 are further discussed
in FIG. 6. The boost control circuit 502 includes a LS control
unit 502a and a HS control unit 50256, which generate a LS
timing signal and a HS control signal, respectively. Compo-
nents of the boost control circuit 502 are further discussed in



US 9,325,240 B2

7
FIGS. 10 and 12-13. The boost converter switch 503 can
achieve maximum possible efficiency for the given operating
condition, while MPP tracking circuit 501 tracks the MPP
point of the TEG 504 and operates at that point.

FIG. 6 is a block diagram showing the maximum power
point (MPP) tracking circuit (501 in FIG. 5) to harvest energy
from a TEG, according to an embodiment. The MPP tracking
circuit 501 shown in FIG. 6 is connected to a AND gate 620
(as part of a boost control circuit 502 in FIG. 2) and the
load/boost converter 604 (similar to the boost converter
switches 503 in FIG. 5). The MPP tracking circuit 501
includes a MPP sampling circuit 601, a comparator 602 and a
clock generator 603. The clock generator 603 (labeled as
“clock gen” in FIG. 6) generates a clock signal with period of
150 ms. This clock generator 603 is used to generate a pulse
that goes low for 10 ms as shown in simulation in FIG. 7.
When this pulse goes low, the boost converter 604 is disabled,
as a result the load current goes to zero. Because no load is
connected to the output of TEG 605, the TEG voltage goes to
its open circuit voltage V ;- (not shown in FI1G. 6). This pulse
is also used to close the switch S; 606a and switch S, 6065
shown in FIG. 6. The two resistors 607 get connected to the
voltage from the TEG 605 and V,,, node 608 goes to the
voltage V /2 through the resistor divider (as illustrated by
the two resistors 607). Therefore, the capacitor C,, 610 gets
charged to V /2. The output voltage of' V, -, node 608 is
maintained by the capacitor C,, 610. The MPP sampling
circuit 601 samples the half of the TEG’s open circuit voltage
and stores it on the capacitor C,,610. After the pulse from 603
goes high again, the boost converter 604 starts drawing the
current from the TEG 605. As the boost converter 604 draws
current from the TEG 605, the voltage level of V,, 615 will
start decreasing. The boost converter 604 increases the cur-
rent drawn from TEG source 605 by increasing the frequency
of switching. As long as the output of comparator 602 is high
the boost converter switches 604 at a higher frequency and the
current drawn from the TEG source 605 is high.

FIG. 7 shows the simulation result of the MPP tracking
circuit (501 in FIG. 5 which is detailed in FIG. 6). The clock
signal (labeled as “MPPclk™) generated at clock generator
603 is shown at 701. For example, when the current is drawn,
the output voltage of TEG (labeled as “V ;) 605 goes low,
and eventually reaches V,,,, 608 value which is set to V oo/
2. As Vs crosses V, . value, the comparator output
(shown at 705) goes low and the boost converter 604 is dis-
abled. As the boost converter 604 is disabled, the V,, 615
voltage will start going high and it will go above V, ., 608
(shown at 703). At this point comparator 602 output goes high
and converter 604 is enabled again. This way the output
voltage of TEG 605 is maintained at V /2, which is the
maximum power point of the boost converter circuit (e.g., as
shown in FIG. 26). The output voltage of the TEG V -z 605
(shown at 702) is maintained at its maximum power point by
the control circuit (e.g., 502 in FIG. 5) with a voltage ripple
around it. The amount of voltage ripple is a function of
capacitor 606 connected at TEG 605. The voltage ripple can
be made negligibly small by connecting a large capacitor 606.
In the simulation shown in FIG. 7, 5 uF capacitor is used for
capacitor 606 at the output. This way, the boost converter
circuit is maintained at its maximum power point. The output
voltage of the boost converter is sampled frequently using the
clock signal MPPclk, which helps in keeping track of the
TEG’s open circuit voltage to account for the dynamic
changes in the operating condition of the boost converter
circuit.

FIG. 8 shows a timing diagram of the control signals (e.g.,
generated at 502 in FIG. 5) for the boost converter showing
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use of two phase signals ¢1 801 and ¢2 802, where ¢1 801 is
used for cancelling mismatch to harvest at low voltage. In one
implementation, the boost control circuit 502 generates three
non-overlapping clock phase signals, ¢, 801, LS 803, and HS
804. The ¢, 801 pulse width is set by a delay line (e.g., 514 in
FIG. 5), and this extra phase defines a timing phase that allows
for substantially constant I, , .- control in the LS timing and
offset compensation in comparators of the switching control
circuit (e.g., 502 in FIG. 5). The LS 803 pulse width is set to
keep a substantially constant [ , .- regardless of the values of
Vv (e.g.,505in FIG. 5) or V-, (e.g., 513 in FIG. 5) and the
HS pulse 804 is controlled to turn off M, (e.g., 5035 in FIG.
5) when [;,=0. Keeping a substantially constant I, can
maximize or improve efficiency across a range of input volt-
ages V,,because a substantially constant I, , - sets the boost
converter at the balance point between larger conduction and
switching losses. [z, control also controls the ripple at
input voltage V;,. Known approaches (controlling MOS-
FET’s Rp) to set 1z, - are power-expensive and sensitive to
mismatch (£20-40% error), so these known techniques have
not been accomplished in micro-power boost converters pre-
viously. To improve efficiency, the boost converter 500 main-
tains a substantially constant I, across a wide V , range,
substantially centered at a selected peak efficiency current.

The boost converter 500 involves charging the inductor
with an inductor current and storing the charged energy onthe
capacitoronV ., (e.g.,513inFIG. 5). The signal LS 803 and
HS 804 are used to accomplish this switching. The signal L.S
803 goes high to turn on M, ¢ transistor 503a in FIG. 5. This
starts charging the inductor with an increasing inductor cur-
rent. After a well-defined time, which sets the inductor peak
current, the inductor current is discharged on the capacitor
raising V . This is done when HS 804 goes low. Usually,
LS signal 803 and HS signal 804 are controlled to control the
performance in a boost converter 500. The boost converter
500, however, can harvest energy from very low input voltage
suchas 10 mV. The effect of mismatch or non-idealities in the
boost converter circuit should be addressed if energy is har-
vested at low voltage levels. The mismatch between the
threshold voltage of two transistors can itself be as high as
~50 mV. It may be difficult to harvest energy at low voltages
if the mismatch between the devices in the boost converter
circuit, such as a comparator, is not compensated. Therefore,
the energy harvesting control as implemented by the switch-
ing control circuit 502 in FIG. 5 is broken down into two
phases as controlled by the phase signals ¢1 or ¢2. In phase
one, designated by control signal ¢1 801, the mismatch
throughout the boost converter circuit is compensated. Phase
one ¢1 801 is followed by phase two $2 802, which includes
control and generation of signals LS 803 and HS 804.

FIG. 9 is a data plot diagram showing example peak induc-
tor current under different input voltages. The LS signal (e.g.,
803 in FIG. 8) controls the amount of energy harvested from
TEG (e.g., 504 in F1G. 5). During the time when LS 803 is on,
the inductor current increases and reaches peak value I,z
The value of the peak current depends on the on-time of the
LS switch M, (5034 in FIG. 5). The longer the on-time is, the
higher would be the peak current. For micro-power design,
the inductor current is discharged into the storage capacitor
onV,(513inFIG. 5). So, the energy transferred from TEG
in each cycle is given by E=0.5xL.1%,, ..

Losses are involved when transfer of energy happens.
These are switching and conduction losses. The conduction
loss is dependent on I, . The efficiency of the boost con-
verter greatly depends on the value of I, ;. FIG. 9 shows the
variation of the efficiency with I , .- for different input volt-
ages. As shown in FIG. 9, at lower value of | o , 1, the switch-
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ing loss in the boost converter dominates and lowers the
efficiency. This happens because the energy transferred, as
shown in the equation above, is small compared to the switch-
ing loss. At higher value of I,.,z, the conduction loss
increases greatly to reduce the efficiency. There are values of
14 Where the efficiency can be maximized. Therefore, it is
desirable to control the values of I, -

In one implementation, a low power control circuit (e.g., as
shown in FIG. 10) can be included in the boost control circuit
502 in FIG. 5 and used to control the peak inductor current.
The boost converter has very small dependence (£2.5%) of
the peak inductor current on the input voltage V,,, or the
capacitor voltage V., because of mismatch between the
components within the boost converter circuit.

FIG. 10 is a block diagram showing an example low side
(LS) timing circuit (e.g., as the LS control 502¢ in the boost
control circuit 502 in FIG. 5) that sets the inductor current
independently from the input voltage to first order, according
to an embodiment. The control circuit 1000 as shown in FIG.
10 generates the timing for LS signal (e.g., also 803 in FIG. 8).
The value of the peak inductor current can also be pro-
grammed by this control circuit 1000. The control circuit
1000 uses phase 1 and phase 2 (e.g., also 801 and 802 in FIG.
8) of a switching cycle to generate the timing for LS.

As shown in FIG. 10, during phase ¢1 (e.g., 801 in FIG. 8)
(connected to the transistor that outputs 1021 in FIG. 10),
node a 1001 is connected to V,, 1004, which is the output
voltage of TEG (not shown), V -, 41005 is held to ground, and
comparator C1 1006 is disabled. The output of LS 1016 is set
to ground 1007. The transistor M, 1011 is made weak (e.g.,
the gate-to-source voltage of M, 1011, is lower than the
threshold voltage of M, ), which sets the output voltage of
nodeb 1002 and is given by V. (1004)+V 1, ., where V, ,, is
threshold voltage of the transistor M, 1012. M, 1011 is sized
to let M, 1012 determine the voltage at node ¢ during phase ¢1
and to keep M, 1012 in saturation in ¢,. Weak M, 1011
drives M; 1012 very close to its threshold voltage.

Inphase ¢2 (e.g., 802 in FIG. 8) (connected to the transistor
that outputs 1002 in FIG. 10), node a 1001 is connected to
ground while the connection between node b 1002 and
node ¢ 1004 is removed. During ¢,, current in M, 1012 (long
channel) is proportional to (Vgg,-Vms)°, Where Vg, the
gate-to-source voltage of transistor M,, is equivalent to the
output voltage of node b 1002 minus the voltage of node a
1001 (which is zero because node is connected to ground
during phase ¢2), the nodes discussed above, and thus the
currentin M, 1, ¢, simplifies to (V,,)*. This current 1014,
1; c.z1, 18 mirrored and integrated onto C; ¢ 1015 until V-, ¢
1005 reaches the value of V,,. Due to the dependence of
current I, .., 1014 on V, 1020, the time that LS is on
(Ton rs) 1s inversely proportional to V,, 1020 (assuming a
negligible voltage drop across M, ), which sets 1, . at a
substantially constant value, C, /(k*L), first-order indepen-
dentof V,,and V.,

The transistor M, 1012 is designed to be in saturation and
setsthe current [ ¢, 1014, which is given by: I, ¢, =kx(V p+
Vo=V mn) =kx(Vn)?

The current I, __,; 1014 generated for LS control is made
proportional to the square of the input voltage 1004, which is
used for the generation of LS timing. This current I, ¢, 1014
is mirrored to charge the capacitor C; 1015. As ¢2 1022 goes
high, the capacitor C; ;1015 starts charging. The timing of LS
1016 is given by the charging of the capacitor C, ;1015. Once
$2 1022 goes high, LS 1016 goes high and the capacitor C, ¢
1015 starts charging. Once the voltage of the capacitor C, ¢
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1015 crosses the value of V5, 1004, output of the comparator
C1 1006 goes low, which resets the flip-flop and brings L.S
1016 to ground.

The offset cancellation of comparator C1 1003 in phase ¢,
1021 enables charging at voltages measured down to, for
example, S mV. When the comparator C1 1003 detects that
V .5V s it turns off the LS pulse 1016. The AND gate 1024
permits the MPP circuit (e.g., 501 in FIG. 5) to rapidly disable
M, s when RSTint (1025)=0 (FIG. 1). This control circuit
1000 consumes no static power since the comparator is on
only during times of high power transfer and high I, , making
its power a component of the switching loss, and the control
circuit 1000 controls 1, with an error of £2.5% across
V,p and V;,, a lower sensitivity than similar schemes in
higher power converters. The variation across process (k
parameter) is addressed by digitally tuning capacitor C,
1015.

In one implementation, turning off or deactivating the HS
switch at the I;=0 point (zero detection) is desirable for effi-
cient operation. Known comparator-based schemes have
been considered too high power for low V,,boost converters,
s0 Vymay be detected after M, s turns off and use the behav-
ior of VX to correct timing for the next cycle. Further discus-
sion of HS timing and zero detection is provided in connec-
tion with FIGS. 12-13.

FIG. 11 shows the timing diagram for the generation of LS
1016 in FIG. 10. The timing of LS is given by,

dv
Irser = CLSE

As capacitor (C1 1103 of FIG. 10) charges from 0 to V
the time to turn on LS 1101 can be calculated as:

Vi Cis

Ton_rs = Cis =
Iset  kViy

This is the time for which the inductor is kept on. This time
increases as V ;,, decreases. Assuming negligible drop across
M, , the basic equation for the inductor is

L— =

=V
I N

The inductor current charges from 0 to I, , - during the time
LS1016 is on.

Cus
kL

P _VinTon_1s  VinCrs _
PEAK =~ =y =

which gives the formula for peak inductor current. The pro-
posed circuit of FIG. 10 reduces the calculation of peak
inductor current into a very compact form. The expression
shows that the peak inductor current 1, .- is first-order inde-
pendent of V,,,and V ., » voltages. It depends on the value of
the capacitance of capacitor C; ¢ 1015 and the inductor value
L. By controlling the value of C,, peak inductor current
1pz4x canbe set to a substantially constant value, which gives
the maximum efficiency as shown in FIG. 11. The constant k
in the expression is a function of process and temperature. As
a result, the peak inductor becomes a function of variation in



US 9,325,240 B2

11

process. The values of capacitor C; ¢ and the inductor L can be
changed for a given embodiment. For example, they can be
changed to compensate for the process variation. Often, it is
not practical to change the value of inductance either because
of the cost involved or because of the size as it is an off-chip
component. However, the capacitor is on-chip and can easily
be controlled. For example, to address the variation using the
capacitor C; ;, 5-bit binary control on capacitor may be used.

Chart 1102 shows the simulation result for the peak induc-
tor current at different values of V., and V. Simulation
shows that the boost converter circuit shows very small
dependenceonV ., or V. The peak current value decreases
at lower values of input voltage V. The capacitor C, gcan be
trimmed to increase the peak inductor current.

FIG. 12 provides a block diagram showing an example
high side (HS) timing circuit and a chart showing timing
control signals of phase 1 (1207) and various control signals,
according to an embodiment. As discussed in FIG. 10, boost
conversion can use the transfer of this energy stored in the
inductor to the capacitor on V., shown in FIG. 10, and also
shown at 1204 in FIG. 12. This is achieved by controlling the
high side switch of the converter. The HS switch should be
controlled well to achieve better efficiency. For example,
once the inductor (100 in FIG. 1; not shown in FIG. 12) has
charged to 1.z, the HS signal 1201 goes low and transistor
M;s 1202 turns on. The inductor current (current of 100 in
FIG. 1; now shown in FIG. 12) starts discharging on to the
capacitor (1205). At this point, the node V,, 1203 goes above
Veup 1204 to satisfy the conduction. As capacitor 1205
charges the inductor current reduces and V, 1203 voltage
drops. Thus the inductor current eventually goes to zero and
V11203 becomes equal to V., » 1204. The switch M5 1202
is turned off at this point, else the inductor current reverses the
direction and it starts taking charge away from V., 1204,
which would reduce the efficiency. Similarly, if the switch is
turned off before inductor current goes to zero, the remaining
current would discharge through a high impedance diode,
which also hurts the efficiency. Therefore, inductor current’s
zero crossing is detected for accurate timing. This is usually
termed as zero detection, as shown in the circuit for generat-
ing the HS timing using the zero detection in FIG. 12.

As shown in FIG. 12 shows an embodiment where com-
parator C, 1205 detects the inductor current (not shown in
FIG. 12) I,=0 by comparing V, 1203 and V,, 1204 and
immediately turns oft M, 1202. The comparator itselfuses a
known gate topology as shown in FIG. 13 that is turned on
only during the HS 1201 and ¢, 1207 pulses. Because I; (and
power transfer) is large over most of that time, the extra
“switching loss” from comparator C, 1205 reduces efficiency
by only about 0.02%, but its high on-current (~20 pA) gives a
fast response. Offset can be problematic for converters work-
ing from low V.. Phase ¢, provides for offset compensation
in the HS comparator 1205.

For example, comparator C, 1205 is used and it compares
the V node 1203 with V., 1204. Once V, 1203 crosses
V 4p 1204 and goes below it, the comparator output of C2
1205 goes low and turns off the switch M,,s 1202. The HS
signal 1201 is generated using the zero detection comparator
C, 1205 by monitoring the node V, 1203. Several issues
related to zero detection exist. First, the performance of the
comparator should be very good. If the delay through the
comparator is high, the exact timing of HS control cannot be
met. Second, it is desired that the power consumption of the
comparator is small because the power consumption will add
to the loss in the boost converter. Finally, the mismatch
between the devices inside the comparator can result in high
offset, which can alter the zero detection. This is often par-
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ticularly desirable for harvesting from very low input voltage,
as offset itself can be much higher than the input voltage, V
1209. Therefore, the offset due to mismatch should be can-
celled.

FIG. 13 provides a block diagram showing an offset-com-
pensated and duty cycled (for low power) comparator (e.g.,
1205 in FIG. 12), according to an embodiment. In one imple-
mentation, a common gate amplifier 1301, which is biased at
20 pA of quiescent current, may be used. The use of common
gate amplifier 1301 generally provides good performance;
however, if this comparator 1205 is always on, then the static
power of the boost converter will become high, resulting in
very low efficiency at low input voltages of V.. The com-
parator (C2 1205 in FI1G. 12) is duty-cycled to address this. It
is turned on only when the switching happens. For example
during MPP tracking the switching happens at low frequency.
Every time a switching cycle is activated through the MPP
comparator (e.g., 602 in FIG. 6), the zero detection compara-
tor (C2 1205 in F1G. 12) is turned on and is turned off after the
completion of zero detection. Therefore, the comparator
(1205 in FIG. 12) as detailed in FIG. 13 is on only during the
switching cycle and its power consumption is the component
of switching loss. The power overhead because of the zero-
detect comparator is greatly reduced, reducing the efficiency
of'the boost converter (not shown in FIG. 13) that includes the
comparator shown in FIG. 13 by ~2% at V,,of 10 mV and by
~0.3% at V,,,0f 100 mV.

While the performance and the power issues are addressed
as explained above, the HS control circuit also addresses the
offset issues. The offset in the HS control circuit is cancelled
in phase ¢1 1301 of the switching cycle. In ¢1 1301, nodes d
1302 and e 1303 are set at V., 1307 while node £ 1303 is set
atV g, and switch T1 1308 is turned on while switch T2 1309
is off. The feedback from node g 1304 sets V ooz 1310 to
remove offset in the comparator. If there is no offset in the
circuit, Voprspr (1310)=V - (1311). The measured com-
parator offset after compensation was <1 mV. In instances,
the other comparators in the converter use a similar offset
compensation circuit as shown in FIG. 13. After offset com-
pensation, zero detection is performed. Once LS goes low the
comparator is enabled in phase ¢2. Node d 1302 is connected
t0 V., » 1307 while e 1303 gets connected to the node of V-
1315 and switch T1 1308 is turned off while T2 1309 is on.
The comparator is configured to normal operation. As induc-
tor current decreases, V- 1315 starts going down. Once V-
1315 crosses V., 1307, the common gate amplifier 1301
changes state and comparator output goes low which turns off
M, (1202 in FIG. 12). The higher performance and offset
cancellation method provide for correct zero detection. The
measured V1315 waveform (e.g., see 2005 FIG. 20) shows
no overshoot or undershoot at t; indicating ideal zero detec-
tion, which confirms that the HS timing is correctly turning
off or deactivating M, when I,=0.

In one implementation, the boost converter circuit uses a
start-up voltage. It may not be practical to start charging up
from low input voltages such as 10 mV from a TEG. Several
start-up techniques are proposed in literature.

FIG. 14 provides a die photograph of the boost converter
and example specification parameters of the boost converter,
according to an embodiment. The circuit of boost converter of
FIG. 14 is implemented in 130 nm CMOS process. The resis-
tance of V,, to Vo 1401 line is targeted to 300 m€ which
included bond-wire, inductors parasitic DC resistance,
board’s trace resistance and resistance of the MOS transistor
M, ; 1404. The inductor used for the design was 10 pH coil-
craft inductor. The total area for the implementation was 0.12
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pm?. Three Input/Output (I/O) pads may beused for V1401
and two I/O pads for V., 1403.

FIG. 15 provides a data plot showing example measured
output for MPP tracking showing correct operation and reca-
libration, according to an embodiment. As shown in FIG. 15,
the pulse period where boost converter is disabled and switch-
ing stops is illustrated at 1501. The maximum power point
voltage is sampled at this point and stored on to the capacitor,
which is used for the implementation of control.

FIG. 16 provides a data plot showing example measured
low side activation timing with different input voltages,
according to an embodiment. The LS pulse width is directly
proportional to peak inductor current. FIG. 16 shows small
dependence of peak inductor current change with V., fora
given V,, e.g., at 1601. With decreasing V,, the LS time
increases, e.g., at 1602. As ., is directly proportional to
V. decreasing V,; requires that T, should increase to
maintain substantially constant peak inductor current. FIG.
16 shows increasing T, with decreasing V, e.g., at 1602.

FIG. 17 provides a data plot showing example measured
efficiency with low side activation timing at various input
voltages V,,, according to an embodiment. The efficiency is
measured by changing the time period of LS switch, which
shows that peak efficiency point exists for each value of V,,,in
the figure. At very low value of T,, 1701 the peak inductor
current is low and switching loss dominates resulting in lower
efficiency with athigher value of T ,,, peak inductor current is
high and it causes higher conduction loss again reducing the
efficiency. The T ,,, time 1701 for the peak efficiency point for
each V, increases with decreasing V. These measurements
coincide with controlling the peak inductor current, I, to
maximize or improve the efficiency as shown in FIG. 9.

For example, FI1G. 17 shows the measurement of efficiency
for low input voltages. The converter achieves a peak effi-
ciency of 84% at an input voltage of 0.4V. It is able to harvest
at input voltages as low as 10 mV with an efficiency of 22%.
For example, the efficiency of a known boost converter could
be 48% at 20 mV, while some embodiments of the boost
converter described herein achieve an efficiency of 53% at 20
mV.

FIG. 18 is a data plot showing example variation of peak
inductor current with process from a Monte-Carlo simula-
tion, according to an embodiment. The peak inductor current
varies with process. This is compensated by trimming the
timing capacitor C; s (e.g., 1015 in FIG. 10) in the design.

FIGS. 19-20 provide data plot diagrams showing example
measured zero-detection scheme showing optimal zero
detection for ratio up to 47 times. The optimal zero detection
helps in achieving higher frequency. The behavior of the node
V ;- during switching indicates the performance of zero detec-
tion. If the switch M, is opened before or after inductor
current goes to zero, the output at the node V - will over-shoot
or undershoot. For example, suppose inductor was still car-
rying current when M was opened. As a result the low
impedance of the switch is replaced by the high impedance of
the diode. Therefore, the drop between V, and V.,
increases. Therefore, the V ;- node overshoots. Similarly, if the
switch is turned on for longer time and the current crosses
zero and changes the direction and starts removing charge
from the V., voltage, then the V, node will undershoot.
Absence of overshoot or undershoot upon opening the switch
is the indication of substantially optimal zero detection.

FIG. 20 shows the example measured zero detection for
various combinations of V,,,and V-, ». Node of V. in all the
waveforms does not overshoot or undershoot, indicating sub-
stantially ideal zero detection.
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FIG. 21 is a data plot diagram showing example measured
operation of the boost converter with selected input voltages,
e.g., from an input voltage 1202 of 10 mV and 8 mV. In this
set-up the V-, » was broken into two rails, one supplying the
switch control circuit and another as the output of boost
converter. V,» 1201 supplying circuit was initially pre-
charged to higher voltage. FIG. 21 shows that the output can
charge from V,, of as low as 10 mV (1202).

FIG. 22 is a data plot diagram showing example measure-
ments of kick-start of the boost converter, according to an
embodiment. The figure shows the waveform for kick-start at
2201-2202. In this set-up V-, is initially charged to 590 mV
(e.g., at 2201) and then left to charge from boost converter.
The boost converter charges the rail from 590 mV to 1V at
2202.

FIGS. 23-26 provide example embodiments of a TEG,
according to an embodiment. A thermoelectric generator
(TEG) converts the thermal energy arising from the differ-
ence in temperature into electrical energy and vice-versa. The
physics behind the thermoelectric phenomenon known as the
Seebeck effect, which is production of an electromotive force
(emf) and consequently voltage or current between two dis-
similar conductors when their junctions are maintained at
different temperatures. The conductors 2305 (can be metals
or semiconductors and need not be solid. Apart from genera-
tion of emf, thermoelectrics are also used for measuring tem-
perature as well as for heating or cooling. When electricity is
passed through the junction of two different conducting mate-
rials, either heat can be generated or taken away (cooling).
This effect is called the Peltier effect. Similarly, if tempera-
ture difference exists between two metals, the amount of
electromotive force generated is proportional to the differ-
ence of temperature. By measuring the produced voltage or
current the temperature can be measured.

The thermoelectric materials used for generating electric-
ity need to be good conductor of electricity as scattering effect
can generate heat on both sides of the barrier. Also, the ther-
moelectric materials should be poor conductor of heat, oth-
erwise the temperature difference maintained between the hot
side and cold sides produces large heat backflow. Materials
that optimize these electrical and thermal properties fit the
bill. The highest performance has been shown by heavily
doped semiconductors, like bismuth-telluride or silicon-ger-
manium. The semi-conductor material also forms a base on
which both n-type (2302) and p-type (2301) semiconductor
can be generated. Segments of p-type 2301—and n-type—
doped semiconductor materials 2302, such as suitably doped
bismuth telluride, are connected together to form an electric
circuit. The shunts are made of an excellent electrical con-
ductor, such as copper. A voltage drives a current through the
circuit, passing from one segment to another through the
connecting shunts. For determining efficiency, this configu-
ration is equivalent to the electrons passing directly from one
thermoelectric material to the other. For example, thermo-
electric cooling/heating modules can be constructed of ther-
moelectric segments repeated many times, and organized into
arrays like the one shown at 2304. When current flows within
the module, one side is cooled (2304a) and the other is heated
(23045). If the current is reversed, the hot and cold sides
reverse also. The geometry for power generators is concep-
tually the same. In this case, the top side is connected to a heat
source and the bottom to a heat sink. Thermoelectric power
generators often are similar in physical form to cooling mod-
ules except that fewer taller and thicker elements are used.

The Seebeck effect in the semiconductor material produces
a flow of excess electrons from the hot junction in the n-type
material 2302 to the cold junction. In the p-type material
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2301, holes migrate toward the cold side producing a net
current flow that is in the same direction as that of the n-type
material 2302. The measure of the performance of the mate-
rial used in TEG is the Seebeck coefficient is defined as the
change in voltage per degree of temperature change,

_av

S=__
dT

Because heat flows from the top to the bottom, all of the
thermoelectric legs are thermally connected in parallel. In the
power-generation mode, heat flowing from the top to the
bottom drives an electric current through an external load.
The voltage obtained at the output of the thermal harvester is
proportional to the temperature difference across the thermo-
electric element. For body worn devices, the temperature
difference is very small and an output voltage of few mV-50
mV is all that can be produced using a 10 cm?® thermal har-
vester. The energy harvester should be able to harvest energy
from such low input voltages. A TEG harvester that can
harvest from an output voltage of 10 mV as discussed above
can be used.

The thermoelectric generator can be modelled as a voltage
source in series with an input resistance. For example, FIG. 24
shows the equivalent circuit of a TEG. The open circuit volt-
age Vs 2401 is directly proportional to the temperature
difference between hot and the cold side and is given by,

V156=SAT

where S is Seebeck coefficient and AT is the temperature
difference between the hot and cold side of TEG. Commercial
TEGs can use semiconductor material bismuth telluride
owing to its good electrical conductivity and poor thermal
conductivity. The Seebeck coefficient of an n-type bismuth
telluride material is -287 uV/K at 54° C. Because of the lower
voltage coming out of one TEG cell, multiple cells can be
used in series to increase the output voltage as shown in FIG.
23 (e.g., 2301-2302). Connecting more cells in series
increases the input resistance of the TEG and can reduce the
efficiency. Also, smaller size TEG can be used for body worn
devices. Therefore, the output voltage of the TEG can be very
small, at times few mV only. The circuit proposed in this
application (e.g., FIG. 1) can harvest energy from such low
output voltages in TEG material.

FIG. 25 shows a circuit having an energy harvester con-
nected to the TEG. The harvester 2502 will present a load
with an output impedance Z; ,, 5 2501 to the TEG. The power
drawn from TEG is dependent on the value of the Z, .
When Z; ., 2501 is very high the current drawn by the
harvester 2502 will be very small and so the output power will
be small. Similarly, if the Z; ,,, 2501 is low, the output
voltage will be small and consequently the output power will
be small. The maximum power will be delivered to the load
when Z; ,,» (2501)=R,,, (2504), e.g., at 2503.

FIG. 26 shows the output characteristics of an energy har-
vester connected to TEG. It shows the output power and
output voltage as a function of load current. The output power
peaks and a maximum power point 2601 exists for the load.
The maximum power point 2601 happens when the load
matches the input resistance R, ,, e.g., at 2503 in FIG. 25. At
this operating condition the output voltage V,, 2506 in FIG.
25 is given as V,,, (2506)=V ;. /2, where V .. is shown at
2507 in FIG. 25.

The ambient condition in which a thermoelectric generator
operates is dynamic. For example, the temperature difference
between the hot side and cold side in a TEG can change. This
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can lead to change in the open circuit voltage of the TEG. As
a result, the maximum power point (MPP) of a TEG is a
dynamic quantity and it changes with time. The energy har-
vester can continuously or repeatedly track and operate at the
maximum power point to substantially maximize the har-
vested energy. For example, in FIG. 6, the maximum power
point circuit that continuously or repeatedly tracks and oper-
ates the energy harvester at the MPP point.

It is possible that some of the methods and apparatus
described herein can be performed by software (stored in
memory and executed on hardware), hardware, or a combi-
nation thereof. For example, the control circuits discussed
above can alternatively be control modules or control devices
implemented in or including such software and/or hardware.
Hardware modules may include, for example, a general-pur-
pose processor, a field programmable gate array (FPGA),
and/or an application specific integrated circuit (ASIC). Soft-
ware modules (executed on hardware) can be expressed in a
variety of software languages (e.g., computer code), includ-
ing C, C++, Java™, Ruby, Visual Basic™, and other object-
oriented, procedural, or other programming language and
development tools. Examples of computer code include, but
are not limited to, micro-code or micro-instructions, machine
instructions, such as produced by a compiler, code used to
produce a web service, and files containing higher-level
instructions that are executed by a computer using an inter-
preter. Additional examples of computer code include, but are
not limited to, control signals, encrypted code, and com-
pressed code.

Some embodiments described herein relate to a computer
storage product with a non-transitory computer-readable
medium (also can be referred to as a non-transitory processor-
readable medium) having instructions or computer code
thereon for performing various computer-implemented
operations. The computer-readable medium (or processor-
readable medium) is non-transitory in the sense that it does
not include transitory propagating signals per se (e.g., a
propagating electromagnetic wave carrying information on a
transmission medium such as space or a cable). The media
and computer code (also can be referred to as code) may be
those designed and constructed for the specific purpose or
purposes. Examples of non-transitory computer-readable
media include, but are not limited to, magnetic storage media
such as hard disks, floppy disks, and magnetic tape; optical
storage media such as Compact Disc/Digital Video Discs
(CD/DVDs), Compact Disc-Read Only Memories (CD-
ROMs), and holographic devices; magneto-optical storage
media such as optical disks; carrier wave signal processing
modules; and hardware devices that are specially configured
to store and execute program code, such as Application-Spe-
cific Integrated Circuits (ASICs), Programmable Logic
Devices (PLDs), Read-Only Memory (ROM) and Random-
Access Memory (RAM) devices.

While various embodiments have been described above, it
should be understood that they have been presented by way of
example only, and not limitation. Where methods and steps
described above indicate certain events occurring in certain
order, the ordering of certain steps may be modified. Addi-
tionally, certain steps may be performed concurrently in a
parallel process when possible, as well as performed sequen-
tially as described above. Although various embodiments
have been described as having particular features and/or com-
binations of components, other embodiments are possible
having any combination or sub-combination of any features
and/or components from any of the embodiments described
herein.
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What is claimed is:

1. An apparatus, comprising:

an inductor configured to pass through an inductor current;

a boost converter switch operatively coupled to the induc-
tor, the boost converter switch configured to receive an
input voltage and generate an output voltage when the
boost converter switch is activated; and

a switch control circuit operatively coupled to the boost
converter switch, the switch control circuit configured to
sample and measure the input voltage, the switch control
circuit configured to determine a pulse duration of a
control signal, the pulse duration being proportional to
an inverse of the input voltage, the switch control circuit
configured to send the control signal to activate the boost
converter switch so as to maintain a peak inductor cur-
rent substantially constant, the peak inductor current
being first-order independent of the input voltage and
the output voltage.

2. The apparatus of claim 1, wherein the boost converter is
configured to receive the input voltage from a thermoelectric
generator.

3. The apparatus of claim 1, wherein the boost converter
switch includes a low side switch configured to be activated to
maintain the peak inductor current substantially constant.

4. The apparatus of claim 1, wherein the boost converter
switch includes a high side switch configured to be activated
based on zero detection of the inductor current.

5. An apparatus, comprising:

an inductor configured to pass through an inductor current;

a boost converter switch operatively coupled to the induc-
tor, the boost converter switch configured to receive an
input voltage and generate an output voltage when the
boost converter switch is activated; and

a switch control circuit operatively coupled to the boost
converter switch, the switch control circuit configured to
receive the input voltage and send a control signal to
activate the boost converter switch so as to maintain a
peak inductor current substantially constant, the switch
control circuit configured to generate the control signal
having an amplitude proportional to the square of the
input voltage and a pulse duration proportional to an
inverse of the input voltage.

6. The apparatus of claim 1, further comprising:

a maximum power-point tracking circuit, operatively
coupled to the switching control circuit, the maximum-
power-point tracking circuit configured to receive the
input voltage from a thermoelectric generator and con-
figured to track a maximum power point of the thermo-
electric generator to operate the boost converter at the
maximum power point.

7. The apparatus of claim 1, wherein the switch control
circuit is configured to generate non-overlapping control tim-
ing signals including:

a low switch control timing signal to activate a low switch
of the boost converter switch and having a first pulse
width defined to maintain the peak inductor current sub-
stantially constant; and

a high switch control timing signal to deactivate a high
switch of the boost converter switch when the inductor
current is zero.

8. The apparatus of claim 1, wherein the switch control

circuit is configured to generate a third control timing signal
having a pulse width set by a delay line in the switch control
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circuit, the third control timing signal is configured to define

a timing phase for offset compensation in comparators of the

switch control circuit.

9. An apparatus, comprising:
5 an inductor configured to pass through an inductor current;

a boost converter switch operatively coupled to the induc-
tor, the boost converter switch configured to receive an
input voltage and generate an output voltage when the
boost converter switch is activated; and

a switch control circuit operatively coupled to the boost
converter switch without receiving feedback from the
boost converter switch, the switch control circuit con-
figured to receive the input voltage and send a control
signal to activate the boost converter switch so as to
maintain a peak inductor current substantially constant,
the peak inductor current being first-order independent
of the input voltage and the output voltage.

10. The apparatus of claim 9, wherein the boost converter is
configured to receive the input voltage from a thermoelectric
generator.

11. The apparatus of claim 9, wherein the boost converter
switch includes a low side switch configured to be activated to
maintain the peak inductor current substantially constant.

12. The apparatus of claim 9, wherein the boost converter
switch includes a high side switch configured to be activated
based on zero detection of the inductor current.

13. The apparatus of claim 9, wherein:

the switch control circuit is configured to sample and mea-
sure the input voltage, and

the switch control circuit is configured to determine a pulse
duration of the control signal, the pulse duration being
proportional to an inverse of the input voltage.

14. The apparatus of claim 9, wherein the switch control
circuit is configured to generate the control signal having an
amplitude proportional to the square of the input voltage and
a pulse duration proportional to an inverse of the input volt-
age, the switch control circuit is configured to send the control
signal to the boost converter switch to activate boost conver-
sion.

15. The apparatus of claim 9, further comprising:

a maximum power-point tracking circuit, operatively
coupled to the switching control circuit, the maximum-
power-point tracking circuit configured to receive the
input voltage from a thermoelectric generator and con-
figured to track a maximum power point of the thermo-
electric generator to operate the boost converter at the
maximum power point.

16. The apparatus of claim 9, wherein the switch control
circuit is configured to generate non-overlapping control tim-
ing signals including:

a low switch control timing signal to activate a low switch
of the boost converter switch and having a first pulse
width defined to maintain the peak inductor current sub-
stantially constant; and

a high switch control timing signal to deactivate a high
switch of the boost converter switch when the inductor
current is zero.

17. The apparatus of claim 9, wherein the switch control
circuit is configured to generate a third control timing signal
having a pulse width set by a delay line in the switch control
circuit, the third control timing signal is configured to define
a timing phase for offset compensation in comparators of the
switch control circuit.
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